. However, these comparisons are time consuming. In each of the four NCSLI ILCs conducted since 2001, between 13 and 17 laboratories have participated [2] , [5] [6] [7] . It is not practical to conduct on-site comparisons with each laboratory for an ILC of this size. Therefore, it has been the practice of NIST to conduct an on-site comparison with one pivot laboratory (or several pivot laboratories in the case of the 2005 ILC), and a set of four Fluke 732B Zener voltage references 1 is then sent from the pivot laboratories to the participants. The same set of Zener voltage standards has been used in the six NCSLI ILCs performed since 1997 [2] , [5] [6] [7] [8] [9] [10] , so a great deal of data is available relating to the performance of these standards.
The results of the 2011 ILC were reported at the 2012 Conference on Precision Electromagnetic Measurements [7] . There were 13 participating laboratories (see Table I ). An onsite comparison was conducted with the NIST CJVS traveling to the pivot laboratory at Sandia National Laboratories. The traveling Zener voltage standards were then shipped to the 11 other participating laboratories in a set of four loops with each laboratory having the Zener voltage standards for one week and the Zener voltage standards returning to the pivot laboratory for about three weeks in between each loop.
II. ON-SITE COMPARISONS

A. Direct Array-to-Array Comparisons
Comparisons with a very low uncertainty can be performed when the Josephson array of one system is connected directly to the array of another system. Such direct array-to-array comparisons were conducted between the NIST CJVS and the pivot laboratories for the 2008 and 2011 ILCs.
In 2008, the NIST CJVS traveled to the pivot laboratory at Lockheed Martin Mission Services (LMMS) in Denver, CO [3] . The comparison was conducted with the bias adjusted manually. The LMMS-NIST difference at 10 V was found to be (0.7 ± 7.5) nV at a 95% level of confidence [3] . In this case, the combined uncertainty is dominated by the type-A uncertainty due to the small number of data points that could be taken using the manual method in the several days allowed for the comparison.
For the 2011 ILC, the NIST CJVS traveled to the pivot at Sandia National Laboratories in Albuquerque, NM, in December 0018-9456/$31.00 © 2013 IEEE of 2010 [4] . At this time, an automated protocol was used. Both arrays were connected together and biased (at 10 V) with the NIST CJVS bias system. The bias connect and disconnect and the array difference voltage measurements proceeded automatically. Each array is in a separate cryostat and connected to separate microwave sources, but both are locked to a common 10-MHz reference. We note that, unlike the in situ comparisons described in the following, the array-to-array comparison does not compare entirely independent realizations of the volt since errors related to leakage to ground through the Sandia National Laboratories bias system and errors related to the Sandia National Laboratories digital voltmeter (DVM) will not be detected.
Some dependence on the time between the bias disconnect and the array voltage measurements was noticed. A first set of runs with a 10-s waiting period between the bias disconnect and the start of the voltage readings found a difference of (−6.5 ± 3.4) nV (the uncertainty is the total combined uncertainty expressed at a 95% level of confidence) between the NIST and Sandia National Laboratories systems. Upon further investigation, it was decided that dielectric absorption in filter capacitors in the Sandia National Laboratories system was a concern, and the waiting period before the voltage measurements was increased to 60 s. A difference of (−2.1 ± 2.9) nV was found [4] , with the total combined uncertainty expressed at a 95% level of confidence. There is typically some time correlation in DVM measurements [11] , [12] , so a type-A uncertainty of 0.75 nV is calculated from the Allan deviation of measurements taken with the DVM shorted (see [4, Fig. 6] ). This type-A uncertainty is combined with a type-B uncertainty of 1.23 nV which contains components for the microwave frequency counters used by the systems, leakage resistance, and digital voltmeter gain.
B. In Situ Zener Voltage Standard Comparisons
The direct array-to-array comparison uses the bias system and DVM from only one system, and the scanners and software normally used by the systems are not tested. Therefore, in situ comparisons are also conducted, where both systems are placed in the same laboratory and make measurements on the same set of Zener voltage standards. The uncertainty in the system difference is larger in this kind of comparison since we must now contend with the 1/f Zener voltage standard noise, but this allows the systems to be tested while in the same configuration as for normal use.
In situ comparisons using the same set of Zener voltage standards that are used as traveling standards were conducted during the 2002 [1] , 2005 [2] , 2008 [6] , and 2011 ILCs. For the 2002 ILC, a CJVS system owned by Sandia National Laboratories traveled to NIST for a comparison, and the Sandia National Laboratories traveling system was then compared to the stationary system at Sandia National Laboratories that was used as the pivot for the ILC. During the 2005 ILC, the NIST CJVS system went to five subpivot laboratories. In the 2008 and 2011 ILCs, the NIST CJVS was compared to the pivot system with an in situ comparison in addition to the direct array-to-array comparison. Also, in the 2008 ILC, Sandia National Laboratories The procedure was the same for all of these comparisons, with low thermal reversing switches attached to the 10-V tap of each of the four Zener voltage references. Four measurements were taken with the switches at each polarity on each of the four Zener voltage standards with each system (for a total of 32 measurements from each system).
The results of the most recent in situ comparison (conducted on December 9, 2010, at the same time as the direct array-toarray comparison) along with the past comparisons are summarized in Table II . The measured differences are all within the 95%-confidence-level uncertainties which range from ±12 to ±27 nV. These uncertainties are dominated by 1/f noise in the Zener voltage standards. All comparisons in Table II were between systems running a version of NISTVolt, and the type-B uncertainties include components related to the time base, measured probe leakage, and zero-offset (short) measurements.
III. TRAVELING ZENER VOLTAGE STANDARD COMPARISONS
A. Traveling Zener Voltage Standard Measurement Procedure
The same set of Zener voltage standards has been used in the NCSLI Josephson voltage ILCs since 1997. The 1997 ILC did not use a pivot laboratory, and each laboratory took 16 measurements on each of the four Zener voltage standards [8] . In 1999, low thermal reversing switches which are mounted to the front of the Zener voltage standards were added, and the same switches have been used ever since. Also, since 1999, the number of measurements per Zener voltage standard from each laboratory was reduced to eight (with the reversing switch polarity alternating each measurement). The Zener voltage standards normally arrive in a laboratory on a Thursday, and measurements are taken on the following Monday and Tuesday with the Zener voltage standards shipped to the next laboratory on Wednesday.
The 1999 [9] , 2002 [5] , 2008 [6] , and 2011 ILCs used a single pivot laboratory. The ILC was arranged as a series of loops where the Zener voltage standards were sent from the pivot laboratory to between one and five participant laboratories before returning to the pivot laboratory. The 2005 ILC used a variant of this method, where each traveling Zener voltage standard loop began and ended with a different subpivot laboratory, with each subpivot laboratory conducting in situ comparison with the NIST CJVS at the start of each loop [2] . The pivot-participant deviation is calculated by assuming a straight line drift of the (pressure-corrected) Zener voltage standard bank mean between the loop opening and closing pivot (or subpivot) measurements and calculating the difference between the participant measurement and the pivot line.
B. Zener Voltage Standard Performance
The pressure coefficient of model-732B Zener voltage standards is usually close to either −1 or +19 nV/hPa [13] , and the Zener voltage standards used for this ILC were chosen because they fall into the group with lower pressure coefficient. The pressure coefficient of these Zener voltage standards has been measured in several different pressure chambers, and the coefficient for each Zener voltage standard was found to be between −0.6 and −1.7 nV/hPa and the bank mean was found to be (−1.11 ± 0.08) nV/hPa at an approximately 95% level of confidence [5] . The ambient pressure at ILC participant laboratories ranges from 780 to 1010 hPa. The pivot-participant residuals from the 1999, 2002, 2008, and 2011 ILCs were analyzed, and a pressure coefficient of (−1.19 ± 0.12) hPa at a 95% level of confidence was found to minimize the standard deviation of the residuals. (The 2005 ILC was not included in this data set since the subpivot laboratories were chosen to minimize the altitude difference between the subpivot and the participants for the corresponding loop.) The altitude of the pivot laboratories has been relatively high with the pivot for the 1999 and 2008 ILCs at LMMS in Denver, CO, with a mean pressure of 823 hPa and the pivot of the 2002 and 2011 ILCs at Sandia National Laboratories in Albuquerque, NM, with a mean pressure of 834 hPa. However, the uncertainty in the pressure-corrected Zener voltage standard due to uncertainty in the pressure coefficient is less than 20 nV even when a laboratory at sea level is compared to a pivot at LMMS, Denver, CO, or Sandia National Laboratories, Albuquerque, NM.
The Zener output does have dependence on humidity, but the effect can have a time constant of a month or more [14] . Since the Zener voltage standards move from laboratory to laboratory on a weekly basis during the ILC, we do not attempt to make a correction based on humidity. The temperature coefficient of these Zener voltage standards was measured for the 2002 ILC and was found to range between −15 and +26 nV/
• C, with the bank mean having a temperature coefficient of (1 ± 10) nV/ • C at a 95% level of confidence. These coefficients are with respect to the environmental temperature, not the internal oven temperature. Because the coefficients are small, no temperature corrections are applied to the data.
The drifts of the four traveling Zener voltage standards from 1997 to 2012 are plotted in Fig. 1 . The data taken during all the ILCs since 1997 are plotted, as well as the data taken between Seasonal variation due to humidity changes can also be seen in the NIST data. We note that 732B Zener voltage standards that have a small pressure coefficient tend to have a drift rate with a higher magnitude (and drift in the positive rather than the negative direction) compared to the 732B Zener voltage standards that have a larger pressure coefficient.
It can be seen immediately from the scatter in Fig. 3 that, while the drift of the Zener voltage standards has been quite predictable over the course of 15 years, the week-to-week variation of the Zener voltage standard bank mean is still much larger than the uncertainties of a Josephson voltage system. The spread of the points in Fig. 3 , even over short time scales, can be several hundred nanovolts. Based on the direct array-to-array and in situ comparisons, we would expect the uncertainties of the Josephson systems themselves to contribute less than 20 nV to this scatter. To get a feel for the week-to-week variations, the NIST data from 2003 to 2010 (when the Zener voltage standards were not traveling) were used to simulate ILC data. "Pivot" weeks were arbitrarily selected from the NIST data set which bracketed "participant" points, and "participant"-"pivot" differences were calculated following the ILC procedure. Using a four-week separation for the pivot points (which is the mean Fig. 4 . Histogram of the participant-pivot residuals simulated from the NIST data taken when the Zener voltage standards were at NIST. The standard deviation is 73 nV. separation for pivot measurements for the 1999-2011 ILCs), the 602 possible participant-pivot differences are plotted as a histogram in Fig. 4 . The standard deviation is 73 nV, but the 95% confidence interval is slightly asymmetric, with the 2.5% and 97.5% quantiles at −149 and +164 nV, respectively. The actual ILC data are expected to have slightly more scatter due to the effects of transportation on the Zener voltage standards.
A histogram of the actual participant-pivot deviations from the 1999-2011 ILCs is shown in Fig. 5 . The standard deviation is 93 nV, but the distribution also is skewed toward the positive direction (even though the procedure for calculating the deviations should remove the overall drift of the Zener voltage standards that is seen in Fig. 1 ). This distribution has an Anderson-Darling statistic of 1.1 [15] , which indicates that the hypothesis that the data are normally distributed is rejected at a 99% level of confidence. The mechanism behind this nonGaussian behavior is not known, although the outlying points generally coincide with sudden short-term changes in the Zener voltage standard drift rate. Zener voltage standards are prone to sudden changes in response to environmental or transportation stresses, and it is not surprising that this is reflected in the data. There are 68 data points represented in Fig. 5 , which are not quite enough to accurately fix the 95% confidence interval without making assumptions about the shape of the distribution. Fitting the data to a skew normal distribution [16] , we find a skew parameter of 2.3 and 2.5% and 97.5% quantiles at −140 and +220 nV, respectively. The lower bound is close to but, by chance, slightly narrower than the bound found from the simulation using the NIST data, while the upper bound is significantly wider than the bound found from the simulation. We take the uncertainty interval in the participant-pivot differences to be (−150 nV, +220 nV) at a 95% level of confidence. For the lower bound of this uncertainty interval, we have used the result from the simulated ILC since there are many more points in the simulated data set and we would not expect the actual data to have less scatter than the simulated case where the Zener voltage standards were not subjected to the stresses of transportation. For the upper bound of the uncertainty interval, we use the fit of the real ILC data since the actual data are more skewed in this direction than the simulated data. The result is not too different from the ±190-nV 95% confidence interval that would be calculated assuming that the ILC data are normally distributed. In the absence of more data or a detailed model for the mechanism behind the non-Gaussian behavior, this is the best uncertainty estimate that can be obtained.
C. 2011 Results
The results of the 2011 NCSLI Josephson voltage ILC are given in Table III . Note that one participant measured the Zener voltage standards with a conventional Josephson system (denoted C1 in Table III ) and a programmable Josephson system (denoted C2). Except for C2, all systems in this ILC ran a version of the NISTVolt software. The standard deviation of the participant-pivot differences is 85 nV. The uncertainty of a typical Josephson voltage system is less than 20 nV, as demonstrated by direct array-to-array and in situ comparisons, which means that most of this variation is due to the Zener voltage standards used for the comparison. Since the same Zener voltage standards and procedures were used for this ILC as for the 1999, 2002, 2005 , and 2008 ILCs, we use the data from all of these ILCs to estimate the uncertainty in the participant-pivot difference. We find the 95%-level-ofconfidence uncertainty interval to be (−150 nV, +220 nV).
IV. CONCLUSION
An uncertainty on the order of ±3 nV may be obtained when Josephson voltage systems are compared with a direct array-to-array comparison. When an in situ comparison using Zener voltage standards is conducted, this uncertainty rises to ±20 nV. When the Zener voltage standards are used as traveling standards, the comparison uncertainty is on the order of ±200 nV. The traveling Zener voltage standards were chosen for their low (−0.6 to −1.7 nV/hPa) pressure coefficients. As is typical for Zener voltage standards with a small negative pressure coefficient, the drift over time is fairly large, on the order of +10 μV/year, but this drift is quite predictable. Even though the uncertainty using traveling Zener voltage standards is much larger than what can be theoretically obtained with Josephson voltage systems, it is still smaller than the uncertainty assigned to the instruments that are routinely calibrated with these systems. As a practical matter, this type of ILC is a valuable aid in ensuring the traceability to the SI for measurements performed by the participating laboratories. From 1994 to 2012, he was a Senior Metrologist with Bionetics Corporation (at the Kennedy Space Center, National Aeronautics and Space Administration). He is currently a Metrologist with Covidien Inc., Mansfield, MA.
